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The H-induced shift of the surface-atom core-level binding energy in W(110) is shown to arise from
two distinct eff'ects, one chemical in nature and the other structural. The structural shift supports a re-
cently proposed p(l x 1) reconstruction that turns on at -0.5 monolayer coverage. These new findings
are used to provide a self-consistent interpretation of previously reported shifts from H-covered W(1 1 1)
and W(100) surfaces.
PACS numbers: 79.60.—i, 68.35.Bs, 82,65.My
The inherently different electronic and structural envi-
ronments of bulk and clean surface atoms is known to
give rise to a shift in their core-electron binding ener-
gies. ' These surface core-level shifts (SCS's) have been
observed to change in a variety of chemisorption sys-
tems, ' with the changes generally being attributed to
the transfer of charge between the adsorbate and sub-
strate in forming a chemical bond. However, when the
process of chemisorption is accompanied by substrate
reconstruction, which is often the case, this description
no longer applies because the SCS's are affected not only
by the adsorbate-substrate bonding but also by the
reconstruction-induced change in the surface-atom coor-
dination number. ' In such circumstances it would ap-
pear difficult, if not impossible, to distinguish between
these two difl'erent but coexisting contributions to the
change in the SCS.
Here we report on high-resolution core-level photo-
emission data from W(110) as a function of H coverage
and show that the SCS change can indeed be separated
into chemical and reconstruction-induced contributions.
In light of these new findings, previously measured SCS
values from the clean and H-covered W(111) and
W(100) surfaces are reinterpreted. Our analysis indi-
cates that despite different H adsorption geometries
the chemical shift for all three low-index W surfaces is
essentially the same, and that despite different recon-
structions of the (100) and (110) surfaces ' the
structurally induced shifts are remarkably similar. The
present work provides a unified picture for describing the
effects of chemisorption in dissimilar systems and sug-
gests that such an approach may also be applicable to
other surfaces.
The photoemission experiments were performed using
the AT &T Bell Laboratories 6-m toroidal-grating-
monochromator beam line at the National Synchrotron
Light Source. All data were measured with 70-eV pho-
tons and 2-eV analyzer pass energy, giving a total instru-
mental resolution of -85 meV. ' The single-crystal W
ribbon was cleaned using standard procedures in a H2-
dominated vacuum of —1 x 10 ' Torr. Sequential H2
doses, corrected for ambient exposure during data collec-
tion, were used to minimize systematic errors in deter-
mining the absolute H coverages. "
A typical data set showing the influence of chem-
isorbed H on the SCS's is shown in Fig. 1. The unex-
posed surface shows two well-separated peaks, one due to
bulk atoms at 31.4-eV binding energy and another due to
(110) surface atoms shifted by —321 meV (subsurface
contributions are not resolved for this close-packed sur-
face' ). The binding energy of the surface line increases
with H coverage e until it merges with the bulk at a sat-
uration coverage of 1 atomic monolayer.
To quantify the change in SCS over the whole cover-
age range, some method of data analysis must be em-
ployed. Traditional analytical models of chemisorption
provide an additional line for each inequivalent
adsorbate-coordinated substrate atom and assume that
these lines have identical shape and fixed binding energy.
Such models, however, do not adequately represent the
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FIG. I. Photoemission spectra of W 4f7/p electrons for in-
creasing exposures of H in langmuirs (I L =10 "Torrsec).
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used ' in calibrating 8). The variation of E, with cover-
age clearly exhibits two very different regimes. Between
0 and 0.5 ML the change in E, is essentially linear and
amounts to only 60+ 5 meV, while from 0.5 to 1.0 ML
the rate of change is much greater and results in an ad-
ditional 190+5-meV shift. The existence of these two
regimes is already evident in the spectra displayed in Fig.
2 and so does not depend on the details of the analysis
used. However, our analytical model does show that the
crossover between the two regimes takes place near the
point where the unperturbed-surface intensity vanishes.
A similar effect has also been seen in angle-resolved pho-
toemission.
We now show that these photoemission results support
a recent picture of H chemisorption on W(110), which
was proposed to account for the loss of (001) mirror-
plane symmetry at -0.5-ML coverage. In this model
the H atoms sit at one end of the hourglass formed by
four surface W atoms; see inset in Fig. 3. As 8 increases
beyond the critical coverage of 0.5 ML, the top layer be-
gins to shift along the (110)direction, eventually giving a
global symmetry-lowering p(1 x 1) reconstruction. This
proposed H-induced structural change is very different
from earlier interpretations of work function, ' thermal
desorption, ' electron-stimulated desorption, ' and val-
ence-band' data from H/W(110), some of which were
cited as evidence for the sequential filling of two different
H adsorption sites. Our photoemission data might also
be construed as evidence for such behavior. However, if
a second adsite were responsible for the observed phe-
nomena, that site would be more weakly bound than the
first (i.e., less charge is transferred) and would produce a
smaller change in the average shift of the surface core
level as the coverage increases. Just the opposite behav-
ior is observed in Fig. 3, thereby ruling out the simple
two-adsite picture.
By contrast, the proposed model of the p(1 x 1) recon-
struction offers a natural explanation both for the oc-
currence of the crossover at 0.5 ML and for the in-
creased rate of change in the surface core-level binding
energy beyond that point. The end of the hourglass site
(as well as the long and short bridge sites) is consistent
with the disappearance of the unperturbed-surface com-
ponent at 0.5 ML because it is at this coverage that all
surface % atoms finally have at least one nearest-
neighbor H. The accelerated change in the SCS beyond
that point is also easily understood. If the change in
SCS over the entire coverage range were solely chemical
(one binding site) with no reconstruction, then a linear
change in E, vs 8 would occur as in the adsorption of
oxygen on this same surface. ' Such behavior is ob-
served between 0 and 0.5 ML in Fig. 3, where E, in-
creases by 60 meV. This implies that, in the absence of
reconstruction, the net chemical shift would be +120
meV at saturation (indicated by the extrapolated dot-
dashed line in Fig. 3). Subtracting this value from the
total observed shift of 250 meV gives the additional
TABLE I. H-induced SCS's on low-index W surfaces
(me V).
rface (11o) (1oo)
Clean-surface SCS "
H-saturated SCS "
Total H-induced shift
at saturation
EA'ective ratio of H to
surface W at saturation
H-induced chemical
shift at saturation
Chemical shift per
coordinated H
H-induced reconstruction
shift at saturation
—320
—70
+250
+ 120
120
+ 130
—430 '
—260'
+ 170
+ 170
113
—360
—265'
+95
+ 227
[113)'
—132
"With respect to bulk binding energy.
This work, + 5 me V, rounded.
'Reference 3, ~ 10 meV.
Reference 5, + 10 meV.
'Based on the W(111) shift.
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reconstruction-induced shift of 130 meV. Thus, the in-
terpretation of the present data is that the first —,' mono-
layer is dominated by chemical bonding of the H atoms,
and that the second & monolayer has contributions from
both the H chemical bonding and surface reconstruction.
Previously published SCS values for the clean and H-
covered W(100) and W(111) surfaces, summarized in
Table I, are fully consistent with this interpretation. The
more open (111) and (100) surfaces exhibit underlayer
peaks, but here we consider only the outermost atoms
since their spectra are the best resolved and their shifts
most reliably determined. W(111), which does not
reconstruct with or without H, shows a +170-meV
change in SCS between the clean and 3-ML-saturated
surface. Since the H atoms are bridge bonded between
first- and second-layer W atoms, the effective ratio of H
to first-layer atoms at saturation is 1.5. For W(100), the
highest-quality data show a +95-meV increase in SCS
between the clean c(2&2)-reconstructed surface' and
the unreconstructed H-saturated surface at 2 H atoms
per surface W. '
The absence of reconstruction on W(111) provides a
fiducial for determining changes in the SCS due to H
bonding alone. The observed shift of +170 meV for the
1.5H/1W ratio on this face predicts a chemical shift of
+113 meV on the 1H/1W (110) surface. This value is
in striking agreement with the +120-meV value deduced
from the present data and validates our picture in which
chemical-bonding effects are dominant for coverages less
than 0.5 ML on W(110). That the chemical shifts for
the (100) and (110) surfaces are similar, despite their
different H adsorption geometries and coverages, is not
surprising in view of the fact that the H desorption ener-
gies at low coverages are similar for all three surfaces. '
This observation then suggests that the chemical shift for
W(111) can be used to predict a value of +227 meV for
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the 2H/IW (100) face. Subtracting 227 meV from the
total SCS change of 95 meV gives a —132-meV shift in
going from the clean c(2X 2)-reconstructed W(100) sur-
face to the H-saturated, unreconstructed surface, in ex-
cellent agreement with the calculated shift of —130
meV between a hypothetical unreconstructed clean sur-
face and the clean c(2X2) phase of W(100). Note that
the sign of the shift is negative here because the clean
surface is reconstructed and the H-covered surface is
not.
The reconstruction-induced shifts of —130 meV for
both the W(100) and W(110) surfaces can be under-
stood within the valence-band-width framework of
SCS's. ' In each case there is the same increase in
effective coordination of the surface atoms compared to
that of the truncated surface. On W(110), the coordina-
tion of the surface-to-subsurface-layer atoms increases
from 2 to 3, increasing the total coordination from 6 to 7
(the bulk value is 8). Qn W(100), the c(2X2) recon-
struction increases the intralayer surface coordination
from 0 to 2 but reduces the effective surface-to-
subsurface-layer coordination from 4 to 3, resulting in a
net change of 1 as in W(110). The increase in coordina-
tion toward the bulk value should, in both cases, increase
the surface valence-band width, and shift the surface
core levels toward the higher-lying bulk value, as ob-
served.
In conclusion, we have determined separate chemical
and reconstruction-induced shifts for the surface-atom
core levels of W(110) produced by H adsorption. Com-
parison with W(111) and W(100) data leads to a self-
consistent picture in which a —120-meV chemical shift
is induced on each surface W per coordinated H atom.
We further identify a —130-meV reconstruction-
induced shift for both W(110) and W(100), which is
seen as a natural extension of the intrinsic nature of the
SCS. Such decomposition into chemical and structurally
induced shifts should not be limited to W, but should
also be applicable whenever chemisorption triggers sur-
face reconstruction.
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